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Abstract. For different types of local stars with flare
activity we calculate expected gammaray fluxes in
periods of flare energetic particle (FEP) generation. We
suppose that main processes of FEP generation and
propagation in the stellar-sphere are similar with processes
in the Heliosphere but with much bigger energetic. We
calculate the space-time-energy distribution of these
particles in the stellar-sphere in the periods of FEP events.
On the basis of investigations of cosmic ray nonlinear
processes we determine the space-time distribution of
stellar wind matter. Then we calculate the generation of
gamma rays by decay of neutral pions generated in
nuclear interactions of FEP with stellar wind matter and
determine the expected space-time distribution of gamma-
ray emissivity. Then we calculate the expected time
variation of the angle distribution and spectra of gamma
ray fluxes. For some simple diffusion models of stellar
FEP propagation we obtain analytical approximation
described the time evolution of gamma ray flux angle
distribution as well as time evolution of gamma ray
spectrum. It is shown that by observations from local stars
of gamma rays generated by stellar FEP interactions with
stellar wind matter can be obtain important information on
stellar activity, on FEP spectrum, on mode of FEP
propagation, and on matter distribution in the inner stellar-
sphere.

1 Introduction

The generation of gamma rays (GR) by interaction of
flare energetic particles (FEP) with stellar wind matter
shortly was considered in Dorman (1996, 1997). Here
we will give a development of this research with much
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more details. GR generation in the stellar wind by FEP
from stellar flares is determined mainly by 3 factors:

1% by space-time distribution of stellar FEP in the stellar-
sphere, their energetic spectrum and chemical composition;
for this distribution can be important nonlinear collective
effects (especially for great events) of FEP pressure and
kinetic stream instability (see in Berezinskii et al., 1990;
Dorman, 1995).

2" by the stellar wind matter distribution in space and its
change during stellar activity cycle; for this distribution will
be important also pressure and kinetic stream instability of
galactic cosmic rays as well as of stellar FEP, especially in
periods of very great events (Dorman et al., 1990;
Zirakashvili et a., 1991; Le Roux and Fichtner, 1997).

3% by properties of stellar FEP interaction with stellar
wind matter accompanied with GR generation through
decay of neutral pions (Stecker, 1971; Dermer, 1986a,b).
After consideration of these 3 factors we will calculate
expected GR emissivity space-time distribution, and
expected fluxes of GR on the distance 1 AU from the star in
dependence of time after FEP gjection into stellar wind for
different directions. We calculate expected fluxes also for
different distances from the star inside the stellar-sphere
and outside. It is important, that in some types of stars the
total energy in FEP is several orders higher than in solar
flares and lost matter speed is several orders higher than
from the Sun (Gershberg and Shakhovskaya, 1983; Korotin
and Krasnobaev, 1985; Gershberg et al., 1987; Kurochka,
1987). It will be shown that future observations of GR
generated in interactions of stellar FEP with stellar wind
matter can give important, unique information on total
energy and energetic spectrum of stellar FEP, on mode of
its propagation as well as information on stellar wind matter
distribution and stellar coronal activity.

2. The 1¥ Factor: Stellar FEP Space-Time Distribution

2.1. Moddl of stellar FEP propagation



In the first approximation the time change of stellar FEP
and energy spectrum change can be described by the
solution of isotropic diffusion (characterized by the
diffusion coefficient D;(E)) from pointing instantaneous

source Q (Ey.r.t)=Nya(r)o(t) of stellar FEP of type i
(protons, a - particles and heavier particles, electrons)
by

N; (Ex.r.t) = Noj (Ey ) )
[err2(o, (B2 el (am (£)1)
where N (Ey) is the energetic spectrum of total number
of solar FEP in the source. At the distance r =r; =1AU
the maximum of stellar FEP density

Ni mex(r1, Exc )/ Noi (Ex ) =

V2332 Y2 ep(- 3/2) 13 = 0.9051,73
will be reach according to Eq. (1) at the moment
tm(r.Ex )= flz/GD(Ek), )
and the space distribution of stellar FEP density at this
moment will be

Ni (. Ex tm)/Noi (Ex )= 4
(54/ﬂ)1/2r1_3 exp(— 3r 2/2r12)' @

)

2.2. Energy spectrum of stellar FEP in the source

The energetic spectrum of generated stellar energetic
particlesin the source approximately can be described as
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Fig.1. Expected energy spectrumsin stellar FEP sources
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Noi (Ex)=Noi E,”, (5
where y increases with increasing of energy: for
example, for solar FEP for great event February 23, 1956
it increases from about 0+1 at E, <1 GeV/nucleon to

about 6+7 at E, =10+15 GeV/nucleon. Approximately
the behavior of value y in Eq. (5) can be described as

¥ = ¥o +In(Ex /Exo). (6)
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where parameters y, and Eygo, can be different for
individual events (for solar FEP mainly 2<y,<5 and
2< Eyp <10 GeVinucleon; we suppose that about the same

situation will be for stellar FEP). Fig. 1 shows spectrums of
stellar FEP in source at different values of parameters y,

and Eyg. The position of maximum in Eq. (5) with taking
into account Eq. (6) is determined by
Exmax = Eko EXP(‘ Vo) : U

2.3. Thetota energy of stellar FEP

The total energy contained in FEP will be according to Eq.
)-():

® _1-yo-In(Ex /E
Etot = Noi IEk YorIn(Ew/ ko)dEk = Noi"U(VmEko) 8
0
where
[oe] 2_ _
W(o.Exo)= | Eg,”° Xexp(—x2+2x—yo)dx ©)

what can be approximated by
%(¥o.Eko) = Ao(Eio )+ A1(Exo v +

AZ(Eko)V2 + A3(Eko)}’3
Coefficients A (Eko) are shownin Table 1.

(10)

Table 1. Coefficients A (Eyo) in Eq. (10).

Eko A3(Eko) A2 (Eko) A1(Eko) Ao(Eko)
GeVin
3 0.1325 -0.2874 | -0.6850 | 3.2367
5 -0.1498 18526 | -6.8603 | 9.7251
7 -0.0337 0.8713 | -3.8203 | 6.3696
10 -0.3306 35171 | -12.200 | 15.685

For great stellar FEP events Ey; =10%° +10%7 erg [19-22]
what is several orders bigger than in solar FEP (for great

solar FEP events Ey, =10%1+10% erg).

3. 2".Factor: Space-Time Distribution of
Stellar Wind M atter

If we assume for the first approximation the model of
Parker (1963) of radia stellar wind expanding into the
stellar-sphere  (which is in a good accordance with
experimental data for solar wind) then the behavior of
matter density of stellar wind will be described by the
relation

n(r.6) = m(6)un(6)/[r2ulr.6). (11)

where m(6) and uy(6) are the matter density and stellar wind
speed at the latitude € on the distance r =r, from star
(r, =1AU). The dependence u(r,8) is determined by the

interaction of stellar wind with galactic cosmic rays, with
interstellar matter and interstellar magnetic field, by interaction



with neutral atoms penetrating from interstellar space
inside the stellar-sphere, by the nonlinear processes
caused by these interactions (Dorman, 1995; Le Roux &
Fichtner, 1997). We suppose that the dependence of
u(r,a) from r caused by these nonlinear processes can be
described by the same relation as what obtained for solar
wind:

u(r)=u(6)2-blr/ro)). (12)
where ry isthe distance to the terminal shock wave (what
determined mainly by the equilibrium between dynamical
pressure of sellar wind and the sum of galactic CR
pressure, pressure of galactic magnetic field and by
processes of neutral atoms penetrating from interstellar
space inside the stellar-sphere), and parameter b depends
from sub-shock compression ratio (for solar wind
according to Le Roux & Fichtner (1997) this parameter is
in interval 0.13<b<0.45; for stellar winds we will use
some average value b=0.3).

4. 3-rd factor: GR generation by FEP in the
stellar-sphere

4.1. Generation of neutral pionsin the stellar-sphere

According to Stecker (1971), Dermer (1986ab) the
neutral pion generation caused by nuclear interactions of
energetic protons with hydrogen atoms through reaction

p+p — 77°+ anything will be determined by

[o0]
JdE >
Ekmin Err) (13
N p(Ek* r,t)<¢a n(Ek»(dN (Ek’ Err)/ dEn)a
where n(r,6,t) is the density of stellar wind, determined
by Eq. (11), Ey min(Eﬂ) is the threshold energy for pion
generation, N (Ey.r.t) is stellar FEP density determined

FgH (E,p.r.6.t)=4am(r,6,t)

by Eq. (1), (¢o(Ex)) is the inclusive cross section for
reactions p+ p — 71° +anything , and

[(dN(Ex ,Ef7)/dE)dE, = 1. (14)
0

4.2. Space-time distribution of GR emissivity

GR emissivity caused by nuclear interactions of FEP
protons with solar wind matter will be determined
according to Stecker (1971), Dermer (1986a,b) by

F(Eyr6.)=

% 2 » (19
2 [dE (E,ZT—m,ZTc4) F o (Eror.6.1),
EﬂminEJjS
where
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Ezmin (Ey): Ey+ m721C4/4EV- (16)
Let us introduce Eq. (1) in (13) and then in (15) by taking
into account Eq. (11):

co -1/2
Fou (Ey,r,e,t): B(r,H,t)E j (E )(E,z,— m,2704) dE,; x
rmin\Ey
[ Nop(EkXWn(Ek»(t/ tm) 3/ 2 7
Ex min(En)
exp(— 3r2[m/2r12t)dEk ,
Where

B(r.6,t)= 33/227/2711/zrlznl(a,t)ul(e,t)/rZu(r,e,t) (18)

and t;, determined by Eqg. (3) is the time a which the
density of stellar FEP, at a distance of 1 AU, reaches the
maximum value. The space distribution of gamma ray
emissivity for different t/t,, will be determined mainly by
r2 (t/tm)_s/2 exp(— 3r 2tm/Zrlzt), where
tmoorresponds to some effective value of Eg in
dependence of Ey. according to Eq. (13) and (15). The
biggest gamma ray emissivity is expected in the inner

function

region r <t :r1(2t/3tm)]/zwhere the level of emission
O r_z(t/tm)_s/z. Out of this region gamma ray emissivity

decreases very quickly with r as O r =2 exp(— (r/r; )2) For
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Fig. 2. Expected space distribution of gamma ray emissivity
for different time T after stellar FEP generation in units of
time maximum Tm on 1 AU, determined by Eq. (3). The
curves are from T/Tm=0.001 up to T/Tm=100.

an dellar FEP event with total energy 1036ergs at
t=tm =10 sec, r =10%3cm, nl(a,t)::SOOcm_3

D, (E) = 4x10% cm?/sec, we obtain



e s )2

3 1 (19

expl-3r 2tm / 2r12t) photon.cm™ ® sec™
(on the distance 3x10 cmit gives 1079 phem3s™h).
Eqg. (17) and (19) describe the space-time variations of
gamma ray emissivity distribution from interaction of
stellar energetic protons with stellar wind matter (see
some examplesin Figure 2).

5. Expected angle-time distribution of GR fluxes from
stellar-spherein periods of great FEP events

In the case of spherical symmetry for rgng > 1 we obtain

(¢max ‘¢min)robs sng
where @ is the angle between direction on the center of
star and direction of observation,

Omax/ min =% arCCOS(robs sing/r; ) . (21)

. (20

6. Discussion and conclusions

Let us suppose that observer is on the distance rypg >> 1,
where r,, isradius of stellar-sphere. In this case

¢{)’H (Ey,robs,t):

2 fo . (22
-2 2
2/ r s Jcos@dé [ dr F;{H (Ey,r,e,t)
—77/2 0
where F)y,(E,..r.6,t) was determined by Eq. (17)-(19).

For spherical-symmetrical modes of FEP propagation and
stellar wind matter distribution, we obtain for GR flux

cDgH (Ey,robs,t): 4”r()_b23F[;)/H (Ey,rl,tm)x

(t/tm)_1r13¢(rr—°(3tm /t)J/ZJ —
1

where t,was determined by Eqg. (3) and ¢>(x) is the
probability function. For a flare star with total energy in
FEP event 10% ergs and ny(6,t) =500cm™ the expected

N S

emissivity at t=tp, =103 sec will be determined by Eq.
(19), and in this case Eq. (23) gives

y — 28 -2
<Z>pH (Ey > O.lGeV,robS,t)— 2x10%7r jpo

(t/tm)_lw[rr—i (Stm/t)l/2 ] ph.cm_zs_l.

According to Eq. (24) for tp, =10%sat t =10 s and 100

(24)

s the value rr—"(stm/t)’/2 >>1 and o(x) =1, that a
1

distance rgps =3><10180m=1pc expected flux of GR
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with energy E, >0.1GeV will be 2x1077 and 2x10~8

ph.Cm_ZS_l, correspondingly. Eq. (24) shows that the
total flux of GR from stellar wind generated by FEP
interaction with wind matter must fall inverse proportional
with time. It is important for separation of GR generation in
stellar wind from direct generation in stellar flare. | think that
in near future important information can be obtained by GR
monitoring of nearest stars with great FEP events (energy
spectrum of FEP and parameters of propagation, stellar wind
meatter space-time distribution).

7. Acknowledgements

This research was supported by the Israel Cosmic Ray
Center and Emilio Segre’ Observatory, affiliated to Tel
Aviv University, Technion and Israel Space Agency. My
deep thanks to Prof. Yuva Ne€eman for his constant
interest and important support of our research.

8. References

Berezinskii, V.S, Bulanov, S.V., Ginzburg, V.L., Dogiel,
V.A., and Ptuskin, V.S. Cosmic Ray Astrophysics,
Fyzmatgiz, Moscow, 1990

Dermer, C.D., A&A, 157, 223, 1986a.

Dermer, C.D., Ap. J, 307, 47, 1986b.

Dorman, L.I., Cosmic ray nonlinear effects in space plasma,
in Currents in High Energy Astrophysics, M.M. Shapiro
et a. (eds). Kluwer Ac. Publ., Dordrecht/Boston
/London, NATO AS| Serie, Vol. 458, pp. 183-208,
1995.

Dorman, L.I., Cosmic ray nonlinear processes in gamma-
ray sources, Astronomy and Astrophysics, Suppl. Ser.,
120, No. 4, 427-435, 1996.

Dorman, L.I. Proc. 4™ Compton Symposium, Williamsburg,
pp.1178-1182, 1997.

Dorman, L.l., Ptuskin, V.S. and Zirakashvili, V.N. Outer
Heliosphere: pulsations, cosmic rays and stream kinetic
instability, in S. Grzedzielski and D.E. Page (eds.)
Physics of the Outer Heliosphere, Pergamon Press, pp.
205-209, 1990.

Gershberg R.E., Mogilevskij E.I. & Obridko V.N., Kinem.
and Phys. of Celestial Bodies, 3, No. 5, 3, 1987,

Gershberg R.E. & Shakhovskaya N.l., Astrophys. Space
Science, 95, No. 2, 235, 1983.

Korotin SA. & Krasnobaev V.., lzvesa Krimea
Astrophysical Observatory, 73, 131, 1985.

Kurochka L.N., Astronomy J. (Moscow), 64, 443, 1987,

LeRoux, JA. & Fichtner, H., Ap. J, 477, L115, 1997.

Parker, E.N. Interplanetary Dynamically Processes,
Intersci. Publ., New Y ork-London. 1963.

Stecker, F.W., Cosmic Gamma Rays, Mono Book Co,
Baltimore, 1971.

Zirakashvili, V.N., Dorman, L.l., Ptuskin, V.S. and
Babayan, V.Kh. (1991) Cosmic ray nonlinear modulation
in the outer Heliosphere. Proc.22-th Intern. Cosmic Ray
Conf., Dublin, Vol.3, pp 585-588.



